Anaerobic co-digestion of lipid-spent Botryococcus braunii (LSBB) with waste activated sludge (WAS) and glycerol was studied. Different co-digestion mixtures were assessed in biochemical methane potential tests, performed at mesophilic temperature (35ºC). The experimental methane yields obtained were compared to theoretical values calculated from the methane individual yields. No significant increase in BMP was observed when mixing these substrates. A first-order exponential kinetic model was used to obtain the apparent kinetic constant of the processes assayed. The kinetic constant value of the mixture 25%WAS-75%LSBB was 116%, 16% and 43% higher than for WAS, LSBB and glycerol alone, respectively.
INTRODUCTION
Biodiesel production from microalgae has been regarded as an important advance in the development of biofuels (Scott et al., 2010) . However, sustainable biodiesel production from microalgae still faces several limitations. One of them is the energy requirement of the operations involved in the production of biodiesel itself, such as mixing, pumping, biomass harvesting, drying, and lipid extraction. The result is that, when traditional processes and technologies are considered, microalgae based biodiesel presents low or even negative energy yields (Scott et al., 2010) . This situation can be addressed, at least partially, by anaerobic digestion of the lipid-spent microalgae. Produced biogas can be used as a source of energy, and released nutrients can be recycled for its use during the cultivation of microalgae (Ehimen et al., 2011; Torres et al., 2013) . The study carried out by Lardon et al. (2009) indicates that 1.23 MJ of energy could be recovered from lipid-spent microalgae, per MJ of produced biodiesel. Indeed, Campbell et al. (2011) determined that production of biodiesel and biogas would represent a competitive fuel production scheme.
Of the wide variety of available species of microalgae, Botryococcus braunii presents great potential for the production of biofuels, especially biodiesel. This is mainly due to the capacity of this strain to accumulate lipids and hydrocarbons, under appropriate culture conditions. Moreover, an adequate profile of triglycerides for transesterification to biodiesel have been observed, comprising mainly palmitic, oleic Botryococcus braunii is also characterized by the high presence of extracellular hydrocarbons, mainly terpenes (Wolf, 1983; Metzger and Largeau, 2005) . Torres et al. (2014) studied the feasibility of the anaerobic digestion of lipidspent Botryococcus braunii. High protein content of oil-extracted microalgae may result in low C/N ratios, increasing chances of inhibition by ammonia. Co-digestion is a strategy that consists in mixing one substrate with another carbon source, in order to improve operational parameters such as C/N ratio, or to dilute inhibitors. As a result, a higher process performance can be achieved. Furthermore, co-digestion allows the treatment of different residues using the same installations. Indeed, co-digestion have been proposed as a promising approach for improving the methane yield and overall digestion performance (Fernández-Rodríguez et al., 2014). In this scenario, glycerol may be considered as a natural co-substrate for oil-extracted microalgae, since it represents the principal by-product of biodiesel production. About 0.1 gram of glycerol is generated per gram of produced biodiesel, and its ever growing supply had led to a drastic price reduction over the past years. Another possible co-substrate is waste activated sludge (WAS), produced during aerobic wastewater treatment. Anaerobic digestion of WAS is a common practice, since it needs to be stabilized prior to disposal.
Microalgae production is likely to take place in arid geographical zones, since these are the ones providing high solar radiation and low land costs, requirements for economically feasible cultivation. Due to the lack of agriculture and other biomassoriented industries, availability of biomasses suitable for co-digestion is unlikely.
However, it is likely that cultivation facilities will be close to one or more urban centres with one or more wastewater plants. Then, activated sludge may be available as a potential co-substrate. The aim of this research was to study the co-digestion of oil-4 spent Botryococcus braunii with WAS and glycerol, in order to provide information required to evaluate the potential technical benefits of the co-digestion of these substrates.
MATERIALS AND METHODS

Microalgae
Microalgae Botryococcus braunii race A was supplied by Antofagasta University (Chile), where it was grown in pilot scale batch reactors (Bazaes et al., 2012) .
Microalgae was harvested by centrifugation, frozen and storaged until its utilization.
Lipid-spent Botryococcus braunii (LSBB) was produced using a Soxhlet extraction unit for 16 h, with petroleum ether as solvent, at a solvent-sample ratio of 10:1. Proximate analysis of LSBB was done according to Babayan et al. (1978) .
Co-substrates: WAS and glycerol
The WAS co-substrate was obtained from San Isidro sewage treatment plant (Labranza, Chile). The Glycerol co-substrate was obtained from a pilot scale plant for biodiesel production from rapeseed oil (Gorbea, Chile).
Batch co-digestion assays
Co-digestion of LSBB and co-substrates WAS and glycerol was evaluated through biochemical methane potential (BMP). The BMP assays were carried-out in batch tests, mg/L). Sodium bicarbonate was also added (5 g/L), to provide pH buffer capacity.
Temperature was kept constant at 35°C. Co-substrates were used at different
proportions. WAS were added at LSBB/WAS ratios of 1:3, 1:1 and 3:1. Glycerol was mixed with LSBB at a ratio of 1:9. All previous ratios are expressed in terms of volatile solids (VS). Endogenous biogas production from anaerobic biomass was established by blank assays, where no substrate was provided. BMP tests were performed in triplicates.
Methane production was determined following pressure increase and biogas composition in the headspace of the vials. Pressure was measured through pressure transducer (Cole Parmer) and biogas composition was determined by gas chromatography coupled to thermal conductivity detector (Clarus 580, Perkin Elmer).
The BMP value was expressed as methane volume per mass of substrate (mL CH 4 /g VS). Total solids (TS), VS and chemical oxygen demand (COD) were determined according to APHA (2005).
RESULTS AND DISCUSSION
Influence of co-digestion on biochemical methane potential
Proximate analysis of LSBB (Table 1) shows a high protein content, providing a low C/N ratio. Figure 1 presents the evolution of methane production for the BMP tests performed with WAS, LSBB, and the different tested mixtures. As can be seen in The experimental methane yield observed for each co-digestion mixture (Table 2) was compared to a calculated methane yield, based on the WAS and LSBB methane individual yields, using the Equation 1:
Where, BMP WAS and BMP LSBB were 332 and 404 mL CH 4 /g VS, respectively. The trans-esterified residues and glycerol (295 mL CH 4 /g VS).
Influence of co-digestion on process kinetics
A first-order exponential model was used to correlate the evolution of the methane production with digestion time (Figures 1 and 2 ). This kinetic model is normally applied to assess the performance and kinetics of batch anaerobic digestion processes of easily biodegradable substrates ).
The first-order exponential model is given by the following expression:
Where: B (mL CH 4 /g VS) is the cumulative specific methane production, B max (mL CH 4 /g VS) is the ultimate methane production, k is the specific rate constant or apparent kinetic constant (d -1 ) and t (d) is the digestion time.
The adjustment by non-linear regression of the pairs of experimental data (B, t)
using Sigmaplot software (version 11.0) allowed the calculation of the parameters k and B max for methane production, which are summarized in Table 4 . The high values of the R 2 and the low values of the standard error of estimate demonstrate the goodness of the fit of experimental data to the proposed model. 
CONCLUSIONS
No significant increase in BMP was observed when mixing these substrates. The kinetic constants of the mixture 25% WAS -75% LSBB was much higher than for WAS, LSBB and Glycerol alone. Moreover, the mixture 10% Glycerol -90% LSBB did not show a higher kinetic constant with respect to both substrates separately. Even though no benefits in term of increase of BMP was observed as a result of co-digestion, the increase in kinetic constant of one of the mixtures, plus the possibility of treatment of different residues using the same installations, turns co-digestion into an interesting alternative to provide adequate treatment of lipid-spend microalgae from a biodiesel producing process. 
